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(57) ABSTRACT

Lighting circuits and luminaires and methods are disclosed
which are operable with a phase-cut dimmer. A circuit
includes a rectifier having a low side output and a high side
output, a switched mode converter including a switch and an
inductor, having a high side input connected to a bus rail, and
having a configuration to draw current across a complete
mains cycle, a controller for the switched mode converter, a
filter circuit connected between the rectifier high side output
and the bus rail and including a capacitor connected between
the high side output of the mains rectifier and ground, and a
resistance connected between the low side output of the rec-
tifier and ground. The value of the resistance may be such the
RC time constant of the resistor and filter circuit is greater
than the time required for any ringing in the circuit to fall to no
more than 20 mA.
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LIGHTING CIRCUITS, LUMINARIES AND
METHODS COMPATIBLE WITH PHASE-CUT
MAINS SUPPLIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority under 35 U.S.C. §119
of European patent application no. 14171661.3, filed on Jun.
9, 2014, the contents of which are incorporated by reference
herein.

FIELD

This invention relates to lighting circuits and luminaires. In
particular it relates to circuit circuits and luminaires which are
suitable for lighting applications operable with a phase-cut
dimmer such as mains LED and similar low-impedance light-
ing applications.

BACKGROUND

Solid state light sources, such as LEDs, are increasingly
popular for replacing incandescent light sources, due in part
to their significantly lower energy consumption.

Currently, cost-effective solutions for non-dimmable solid
state light sources are widely available; however, the cost of a
solid state light source that is compatible with phase-cut
dimmers is still significantly higher than an equivalent incan-
descent lamp. This is particularly true for phase cut dimmable
light sources for “high mains voltage” such as 220-240V as
used in Europe and Asia: the current drawn by a standard solid
state light source, used to replace an incandescent lamp of, for
example, 40 W is not enough to ensure that the phase cut
dimmer behaves properly; moreover, for forward phase-cut
dimmers, the non-resistive input impedance of the converter
tends to amplify ringing at dimmer turn-on, resulting in
erratic behaviour of the dimmer.

For lower mains voltages, such as the 120V mains appli-
cations typical in the US, the impedance level is relatively
lower (that is, the current to produce the same power level is
relatively higher) and smaller dimmer EMI filter inductances
are used (of the order of 100 puH as compared to 1 to 5 mH for
230V mains). It thus is easier to keep the dimmer operating
properly with limited hardware expense. Such solutions gen-
erally are not universally applicable since they cannot be
readily extended to higher mains voltages, and in particular to
220-240V for Europe and Asia.

In order to mitigate the effects of a low input current for
230V mains applications, conventional solid state lighting
contains functions that in effect mimic an incandescent load:
that is to say, they typically include the following three fea-
tures, which are illustrated with reference to FIG. 1. FIG. 1
shows the voltage and current waveforms for a forward
phase-cut dimmer: the top curve 110 shows the input voltage
from a forward phase-cut dimmer; the middle curve 120
shows the input current drawn by a 60 W incandescent light
source, and the bottom curve 130 shows the input current
drawn by a solid state light source.

Firstly, a resistive damper that damps the ringing immedi-
ately following turn-on of a forward phase-cut dimmer, for
typically 100 ps, shown at 132 in FIG. 1. The ringing results
from the dimmer’s EMI filter, consisting of an inductor and a
capacitor, and the EMI filter in the solid state light source,
consisting of one or more inductors and capacitors. Secondly,
an RC latch that, at least until the ringing has damped to an
amplitude of a only a few tens of milliamperes (mA), draws
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additional current, thereby providing a positive offset in the
current to prevent the ringing from reversing the input cur-
rent. Typically, this latching current is required for between
50 ps and 300 us starting from the dimmer turn-on-moment,
that is, across regions 132 and 134 of FIG. 1. This RC latch
precludes the dimmer conduction current from being at or
around zero for too long—that is, for more than a few tens of
us; were this to occur, the triac which is typically used as the
dimmer switching device would stop conducting, causing
erroneous behaviour. And thirdly, a bleeder that can draw
additional DC-current towards the end of the dimmer con-
duction phase (136 in FIG. 1) to satisfy the dimmer hold
current and keep the input voltage low while the dimmer
switch is non-conductive (138 in FIG. 1) but still needs some
load. The current to be drawn during the non-conduction time
is sometimes loosely called the dimmer reset current.

FIG. 2 shows the voltage and current waveforms for a
backward phase-cut dimmer; the top curve 210 shows the
input voltage from a backwards phase-cut dimmer, the second
curve from the top curve 220 shows the input current drawn
by a 60 W incandescent light source, the third 230 and bottom
240 curves show the input current drawn by a two different
solid state light sources. It will be appreciated that for a
backward phase-cut dimmer, the waveforms will appear mir-
rored, and the ringing due to the steep dVdt at switch-on of a
forward phase-cut dimmer will be absent, relative to a for-
ward phase-cut dimmer.

During the dimmer conduction time 232, the light needs to
draw at least some current to track the wave form from the
backward phase-cut dimmer, in particular when the phase of
the mains signal exceeds 90°. After the dimmer conduction
has stopped, shown at 234 and 244, the light needs to draw
significant current in order to follow the falling edge of the
dimmer signal (the current is required in order to discharge
the dimmer EMI filter capacitor that is placed across the
dimmer switch). During the dimmer no-conduction time 236
of'a backward phase-cut dimmer, the light typically needs to
draw some current to charge the dimmer’s internal supply.

A simplified schematic of a conventional LED lighting
circuit is shown in FIG. 3. The figure shows a lighting circuit
300 for alow impedance lighting application, shown as LEDs
394, supplied from a mains, in this case at 230V, via a dimmer
392. The circuit comprises a series resistor RD at the input to
a bridge rectifier BD1. Across the bridge rectifier is a series
combination of a latch resistor RLL and a capacitor CL.. The
ringing at turn-on is damped primarily by the series resistor
RD atthe input and, to a lesser extent, by the latch resistor RL.
In order to minimise the losses, the damping resistor is chosen
to be low-ohmic, and is typically of the order of 50-500Q.
This is the case wherever in the circuit RD is positioned. The
temporary latching current (which is typically of the order of
400 mA) is drawn by the series network of RL. and CL; a
typical time constant, for which this current is drawn, for
230V systems is of the order of 250 us. It will be appreciated
that for 120V systems, the time constant is much shorter, such
as 50 us.

The lighting circuit include a switched mode converter 315
comprising a switch QSW 310 in series with an inductor [.2
320. The switch is controlled by controller 330 and dimmer
controller 340, which in some configurations may be part of
the switched mode converter 315, although in other configu-
rations it may be considered to be separate as shown. A bleed
current is drawn by the power transistor QBLD 350, which is
controlled by a bleeder controller 360. Sometimes, in order to
distribute the heat dissipation, a bleeder resistor may be used
in series with the bleeder switch 360. During dimmer con-
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duction, the bleed current may ramp up to typically 15-50
mA, whereas during dimmer non-conduction, the bleed cur-
rent is only few mA.

The lighting circuit includes an EMI filter 305, which will
be familiar to the skilled person, and comprises an inductor
L1 between the output of the bridge rectifier BD, (shown as
VRECT) and the switched mode converter input bus rail
VBUS. Capacitor C1 and C2 are connected between the
ground of the switched mode converter and either end of the
inductor respectively.

As is clear from FIG. 3, the circuitry to provide the bleeder,
latch and damping functions requires additional components,
which may have consequences for any of the cost of, electri-
cal losses in or thermal management of the circuit.

SUMMARY

According to a first aspect there is provided a lighting
circuit for mains LED lighting applications operable with a
phase-cut dimmer, wherein the mains has a maximum voltage
which is at least 200V, the circuit comprising a rectifier hav-
ing a low side output and a high side output; a switched mode
converter comprising a switch and an inductor, having a high
side input connected to a bus rail, and having a configuration
s0 as to draw current from the mains across a complete mains
cycle; a controller for the switched mode converter; a filter
circuit connected between the rectifier high side output and
the bus rail and comprising a capacitor connected between the
high side output of the rectifier and ground; and a combined
damping/latch resistance or resistor connected between the
low side output of the rectifier and ground. The rectifier may
be a mains rectifier. The switched mode converter may have a
low side input connected to the ground.

Thus, according to this aspect, the requirement for a sepa-
rate bleed circuit may be replaced for appropriate circuit
design, in which damping and latching functions are com-
bined into a single impedance, and particularly a single resis-
tance. The single impedance unit may be implemented as a
single resistor, although of course, the skilled person will
appreciate that the single impedance may alternatively be
implemented as two or more resistors in a series or parallel
arrangement. Avoiding the requirement for a separate bleed
circuit, and combining the damping and latching functions
into a single impedance unit may simplify the circuit design
resulting in cost savings, or lower thermal dissipation, or
thermal dissipation which is more convenient to handle.

In one or more embodiments, the value of the combined
damping/latch resistance is such that the RC time constant of
the combined damping/latch resistance and filter circuit is
greater than the time required for any ringing in the circuit to
fall to no more than 20 mA. Such ringing generally arises, in
use, from the switch-on of the phase-cut dimmer, which is
typically near-instantaneous.

In one or more embodiments, the RC time constant of the
combined damping/latch resistance and filter circuit is
between 50 ps and 300 ps. In order to achieve such a time
constant for operation with currently commercially available
dimmers, the value of the combined damping/latching resis-
tance may generally be between 50Q and 1 kQ, and in a
particular application may be between 150€2 and 560€2. Thus,
in one or more embodiments, the value of the combined
damping/latch resistance is between 150 and 560Q.

In one or more embodiments, the switched mode converter
is a one of a buck-boost converter and a fly-back converter. In
other embodiments, the switched mode converter may be a
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boost converter. In one or more embodiments, the controller
is configured to operate the switched mode converter in
boundary conduction mode.

In one or more embodiments, the lighting circuit further
comprises a waveform shaping circuit arranged to provide a
higher input current to the converter when a momentary phase
of'the mains input signal exceeds 90°, relative to the current to
the converter when the mains phase is less than 90°. This may
help to ensure the total circuit draws input current across the
whole mains cycles over a wider range of operating condi-
tions. In one or more embodiments, the controller is config-
ured to operate the switched mode convertor using on-time
control. Unlike peak current control, on-time control gener-
ally results in a resistive input impedance of the switched
mode converter; this may speed up the damping of the ring-
ing.

In one or more embodiments, the filter circuit further com-
prises both an inductor between the rectifier high side output
and the bus rail and a further capacitor connected between the
bus rail and ground. In one or more embodiments, the lighting
circuit further comprises one of more LEDs.

In one or more embodiments, the lighting circuit further
comprise a bypass switch, arranged and configured to, in use,
provide a bypass path to bypass the combined damping/latch-
ing resistance at the end of a predetermined interval from a
moment the dimmer starts conducting. Thereby, once the
combined damping/latching resistance has performed its
intended function, the losses which would otherwise result
from its continued presence in the circuit for the remainder of
the switching cycle may potentially be reduced or even elimi-
nated. The predetermined time may be the time required for
any ringing in the circuit to fall to no more than only a few tens
of milliamps (mA), or to no more than 20 mA.

According to another aspect there is provided a populated
driver circuit board comprising a mains rectifier, a switched
mode converter and a filter circuit, each as just discussed or
defined and mounted on a common printed circuit board, and
configured and adapted to operate in a lighting circuit just
discussed.

According to a further aspect there is provided any of the
above lighting circuits comprising such a populated driver
circuit board, and a populated LED circuit board comprising
at least one LED and the resistor or resistance. Mounting, or
populating, the resistor onto the LED circuit board rather than
onto the driver circuit board may thereby reduce the heat
dissipation of the populated driver circuit board, which may
in turn make the thermal management of that board, and
possibly of the system as a whole, simpler or easier.

In one or more embodiments, electrical connection
between the populated driver circuit board and the populated
LED circuitboard is provided by three conductors. According
to a yet further aspect there is provided a luminaire compris-
ing such a lighting circuit in a housing.

These and other aspects of the invention will be apparent
from, and elucidated with reference to, the embodiments
described hereinafter.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will be described, by way of
example only, with reference to the drawings, in which

FIG. 1 shows the voltage and current waveforms for a
forward phase-cut dimmer;

FIG. 2 shows the voltage and current waveforms for a
back-wards phase-cut dimmer;

FIG. 3 shows a simplified schematic of a conventional LED
lighting circuit;
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FIG. 4 shows a simplified schematic of a phase-cut dim-
mable low-side buck-boost lighting circuit 400 according to
embodiments;

FIG. 5§ shows an embodiment in which the switched mode
converter is a high side buck boost converter;

FIG. 6 shows in schematic form a conventional arrange-
ment of components on two circuit boards;

FIG. 7 shows in schematic form an arrangement of com-
ponents on two circuit boards for lighting circuits according
to embodiments;

FIG. 8 shows a schematic of an embodiment in buck-boost
topology

FIG. 9 shows the normalized converter input current, for
different Vled: Vpk ratios;

FIG. 10 illustrates a further embodiment in which the con-
verter is extended by an additional waveform shaping circuit;

FIG. 11 shows waveforms which illustrate the operation of
a waveform controller such as that shown in FIG. 10;

FIG. 12 shows a further embodiment, in which the
switched mode converter is a high side buck boost converter,
comprising a bypass switch;,,;; and

FIG. 13 shows waveforms which illustrate the operation of
a waveform controller such as that shown in FIG. 12.

It should be noted that the Figures are diagrammatic and
not drawn to scale. Relative dimensions and proportions of
parts of these Figures have been shown exaggerated or
reduced in size, for the sake of clarity and convenience in the
drawings. The same reference signs are generally used to
refer to corresponding or similar features in modified and
different embodiments

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 4 shows a simplified schematic of a phase-cut dim-
mable low-side buck-boost lighting circuit 400 according to
embodiments. Similarly to conventional circuit, the circuit is
supplied from an AC mains, which may be a 230V mains, via
a phase cut dimmer 392, and supplies a low impedance light
source which may be as shown one or more LEDs.

The circuit comprises a bridge rectifier BD1; however in
this case, there is no requirement for a series resistor RD. The
lighting circuit include a switched mode converter 315 com-
prising a switch QSW 310 in series with an inductor .2 320.
Herein, the terms switch mode converter and switched mode
power converter will be considered interchangeable. The
switch is controlled by controller 430 and dimming controller
440. In contrast to the conventional circuit shown in FIG. 3,
there is no bleeder switch or bleeder controller 360. In con-
trast to conventional circuits, the embodiment shown in FIG.
4 includes a resistor RDL 490 between the low side output of
the bridge rectifier BD1 and the ground of the switched mode
converter 315, which acts to combine the functions of the
damping and latching. Although in FIG. 4 of the combined
damping/latching resistance RDL 490 is shown on the output
side of the bridge rectifier, in other embodiments it may be
arranged on the input side instead. The skilled person will
appreciate that the resistance will generally be provided as a
single resistor as shown, although two or more resistors in a
series, parallel or mixed series-parallel arrangements are not
excluded. The value of the combined damping/latching resis-
tance RDL is chosen in conjunction with the conventional
EMI filter 360. The “RC” time constant of the combination of
the resistor and filter should be sufficient to provide a latching
current for sufficient time to ensure that, in the event that
phase cut dimmer is forwards phase cut—that is to say, it is a
leading edge dimmer—the phase cut dimmer properly latches
on upon turn-on of the dimmer switching element. For a
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typical 230V system, the latching current may be required for
approximately 250 us, and thus the time constant of the RC
circuit will typically be of the order of 50 ps to 300 ps. The
skilled person will be aware that the term “time constant”,
when used in relation to an RC circuit, is the relaxation time,
for a current (or voltage) to damp to a factor of 1/e—that is to
say, to 37%—of its initial pre-relaxation value.

Whereas it is known to include a resistor in lighting circuits
for the purposes of limiting in-rush current, or to provide
damping of any ringing, the value of such an in-rush limiter
resistor would be insufficient to provide a latching function,
Such an in-rush limiter, or damping, resistor may typically be
afew ohms, as mentioned above, and generally not more than
a 20Q, in particular, the higher the value, the greater the loss
which would be expected. In contrast, in embodiments, the
value of the combined damping/latching resistance RDL is
higher, in particular to enable the latching function. In typical
applications, the value of the combined damping/latching
resistance RDL may be between 509, and 1 kQ. In proto-
types, the value is between 15022, and 560, and in a specific
example embodiment for a 5 W rated light, a value of 560
Qx20%, has been found to be effective.

The configuration of the switched mode converter is cho-
sen so as to draw current across the whole mains cycle,
including near mains crossings when the values of the recti-
fied input voltage VRECT and VBUS are relatively low. This
may be readily achieved by appropriate selection of the type
of switched mode converter. Commonly used converters such
as buck boost, flyback or boost converters all satisfy this
requirement, as do some other known converter types—such
as Sepic converters. Thereby, the requirement for a separate
bleed current (provided using a bleeder switch and optional
series resistor) may be avoided.

In order to prevent that the dimmer might stop conducting,
it may be desirable that, the circuit draws a sufficient holding
current such that the average input current does not fall to zero
during the dimmer conduction time. Since some of the current
to drive the switched mode converter is derived from the
discharge current from the capacitors C1 and C2 within the
EMI filter, this may be considered to be equivalent to the
converter input current exceeding a certain minimum level
when the momentary phase of the input signal exceeds 90
degrees. This is generally fulfilled by using either a buck-
boost or fly-back converter, operating in boundary conduc-
tion mode, and/or choice of suitable low voltage LEDs.

FIG. 5 shows an embodiment which is similar to FIG. 4, but
this time the switched mode converter 515 is a high side buck
boost converter under the control of controller 530, as can be
seen from the arrangement of the switch QSW 510 between
the bus rail and the inductor L2, rather than the inductor 1.2
being between the switch QSW 310 and the bus rail which is
the case in the embodiment shown in FIG. 4. Similarly to the
embodiment shown in FIG. 4, this embodiment does not
include a separate bleed current (comprising a bleeder switch
and optional series resistor).

The embodiments shown in FIGS. 4 and 5 both include a
waveform shaper, 470. In other embodiments, a waveform
shaper is not included. In the embodiments shown in FIGS. 4
and 5, the waveform shaper is a circuit which increases the
converter input current when the momentary phase of the AC
input signal exceeds 90°, relative to the converter input cur-
rent when the momentary phase of the AC input is 90° or less.
By convention the phase of an AC signal is 0° at the positive-
going zero crossing of the AC. The waveform shaper thus
results in the converter having a higher input current whilst
the AC voltage is decreasing, relative to the input current
whilst the AC current is increasing. Inclusion of such a wave-
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form shaper may enable the circuit to work with higher volt-
age LEDs than would be the case without it.

The skilled person will appreciate that use of a combined
damping/latching resistance RDL 490, may enable simplified
thermal management of the circuit, relative to conventional
circuits in which there might be thermal dissipation in mul-
tiple components, such as a bleeder, and a latch resistor, and
a damping resistor. In particular, many designs of LED light-
ing circuits include two circuit boards. One of the circuit
boards is populated with the LEDs, and the other circuit board
is populated with the control circuitry. In such designs there
may be several heat dissipating components on the control
circuit board. Such an arrangement is shown schematically in
FIG. 6, which shows schematically two circuit boards 610
and 620. The first circuit board 610, which may be a printed
circuit board, is populated with components from the lighting
circuit, including one or more controllers CTRL (such as
switch controller 330, dimmer controller 340 and bleeder
controller 360 of FIG. 4), together with the switched mode
converter switch QSW 310, the bleeder switch QBLD 350
latch resistor RL. and damping resistor RD. Some circuits
include a bleed resistor (not shown) associated with the
bleeder switch. Circuit board 620, which may be printed
circuit board, is populated with one or more LEDs 622. The
two circuit boards are connected by two conductors 630,
which may, without limitation, be in the form of wires or, for
rigid connection between the boards, be in the forms of pins.

FIG. 7 shows schematically the arrangement of two circuit
boards 710 and 720 for lighting circuits according to embodi-
ments. In comparison with the arrangement of FIG. 6, it is
immediately apparent that there are fewer dissipating com-
ponents overall, since there is no requirement for separate
latch resistor RLL and damping resistor RD, nor for a bleeder
switch QBLD or bleed resistor. Furthermore, by the inclusion
of just one additional conductor—resulting in a total of 3
conductors 730 to connect the two circuit boards 710 and
720—it is possible to physically locate the combined damp-
ing/latching resistance RDL 490 onto the LEDs circuit board
720. Since this might be the only dissipating resistor in
designs according to embodiments, it may be possible to
significantly reduce the heat dissipation in the driver board,
which may, as a result, reduce the requirement for, and thus
the cost of, cooling of the driver board.

FIG. 8 shows a schematic of an embodiment in buck-boost
topology. The dimmer control unit DIMCTRL 870 processes
the rectified input voltage VRECT and, depending on the
conduction angle of the connected phase-cut dimmer, pro-
vides a set point to a DIM pin of the switch controller SWC-
TRL 830. The switch controller includes DIM, Vcc, REG,
DEM (also sometimes terms DEMOVP) SW, GNDA and
ISNS pins, as will be explained in more detail below. The
actual switch QSW (not separately shown) consists of the
high-voltage switching element M1 complemented by a low
voltage switching element inside switch controller 830 SWC-
TRL that is connected between pin SW and pin ISNS of
SWCTRL.

During the primary stroke, the switch M1 is closed such
that the current in inductor L2 ramps up for a predetermined
on-time. After the on-time has expired, the switch is opened
and the magnetic energy stored in [.2 is released via diode D2
to the LED light source (not shown) that is, in operation,
connected between the terminals LEDP and LEDM. The
demagnetisation pin DEM detects the end of the secondary
stroke, and the controller may apply valley switching, such
that at the first valley of the voltage across the switch, a new
switching cycle is started. Thus the converter operates in
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boundary conduction mode—in this case, with valley switch-
ing, as will be familiar to the skilled person.

The switch controller 830 features a DIM pin that sets the
magnitude of the delivered output current: during the second-
ary stroke, the switch controller 830 senses the current that is
delivered to the LED load by sensing the voltage across R2.
The controller compares the sensed value with the value that
is set at the DIM pin and regulates the on-time such that the
delivered current matches the value set at the DIM pin. The
REG pin is used to connect a filter element C4 that stabilizes
the feedback loop. Power to the switch controller 830 is
supplied to Vce via resistor R1.

The shape of the average input current of the constant
on-time boundary conduction, Iconv, converter depends on
the ratio of the rectified input voltage VRECT and LED
operating voltage Vled:

! Ton VRECT Vied
o= Vied + VRECT

in which Ton denotes the constant on-time and L denotes
the value of the switching inductor 1.2.

During the dimmer conduction time, the rectified input
voltage is a pure sine wave with phase Phi, where Vpk is the
peak mains voltage, and can be written as:

VRECT=IVpk sin(Phi)|

FIG. 9 shows the normalized converter input current, on the
y-axis or ordinate, for different ratios between Vled and Vpk,
plotted against the phase Phi of the mains (between 0° and
180°) on the x-axis or abscissa. The Vled:Vpk ratios shown
are respectively 0.05 (curve 905), 0.1 (curve 910), 0.2 (curve
920), 0.4 (curve 940) and 0.8 (curve 980). The figure clearly
demonstrates that the input current tends to be flat when the
LED voltage is low, for example %10 of the peak input voltage
(32V for 320V peak at 230V RMS) as shown at curve 910.
This can be understood by considering that for given Ton, the
achieved peak inductor current is proportional to VRECT.
Since the voltage across the inductor in the secondary stroke
is constant (equals Vled), the length of the secondary stroke
(Toff) will also be proportional to VRECT. Consider that due
to the small ratio of Vled/VRECT, the switching frequency is
mainly dependent on the length of the secondary stroke Tsec.

So, although increasing VRECT increases the inductor
peak current, increasing VRECT will equally decrease the
switching frequency. As a result the average input current
remains almost constant. This may be highly effective to keep
a forward phase-cut dimmer conductive or track the trailing
edge of a backward phase-cut dimmer.

FIG. 10 shows a further embodiment in which the con-
verter is extended by an additional waveform shaping circuit
1070, as shown schematically in FIGS. 4 and 5 at 470 and
570. FIG. 11 shows waveforms which illustrate the operation
of a waveform controller such as that shown in FIG. 10,
during time interval 1140 and 1141 (for the positive going
half-cycle) and 1150 for the negative-going half cycles): the
top curve 1110 shows the input voltage from a forward phase-
cut dimmer; the middle curve 1120 shows the input current
drawn by a solid state light source, and the bottom curve 1130
shows the voltage Vreg, which determines the “on-time” of
the switched mode switch QSW 310,510.

The circuit 1070 allows a relatively higher current in the
second half of the mains cycle—that is, once the phase has
exceeded 90°. In this embodiment this is carried out by
increasing the regulating voltage Vreg on the loop regulation
pin REG ofthe converter controller 830, as follows: whilst the
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rectified input voltage Vrect decreases—after the 90° degrees
phase of the AC input signal—the average voltage across
capacitor C7 which is approximately equal to the average
value of Vrect, will also decrease. As a result, the current
through C7 will discharge C8 between base and emitter of Q1
such that Q1 stops conducting. The loop filter consisting of
C8 and C4 will then be charged by the current through R7. As
illustrated in FIG. 11, the loop control voltage Vreg will
gradually ramp-up, increase the on-time of the converter and
hence the input current of the solid state light. The state of
extended on-time will persist during interval 1150 until the
input voltage Vrect rises, which is at the start of the next
dimmer conduction cycle. The capacitor C7 will then quickly
charge C8 such that Q1 starts conducting and Ton is reset to
the initial low value. So the compensation circuit is effec-
tively compensating the droop of input current caused by the
EMI filter capacitors C1 and C2. The function of R6 is to limit
the peak current into the base of Q1 at fast transients of the
input voltage. D1 serves to clamp the base voltage when Q1
does not conduct. C8 serves to suppress the high-frequency
current that results from the high-frequency switching of the
high-side switch. Note that although the average voltage at
the ground of the switch controller equals the voltage at the
return ground LEDP, the full swing input voltage is present
across L2.

A further embodiment is shown in FIG. 12. This embodi-
ment is similar to that shown in FIG. 5, in that the switched
mode converter is a high side buck boost converter, and com-
prises a combined damping/latching resistance RDL 490
between the low side output of the bridge rectifier BD1 and
the ground of the switched mode converter 515. However, in
this embodiment, a bypass switch QBP 1210 is provided,
which can provide a low ohmic bypass path around the com-
bined damping/latching resistance RDL 490. The bypass
switch is controlled by a bypass controller 1220. The bypass
controller is arranged and configured to close the bypass
switch at the end of a predetermined interval after the dimmer
392 starts to conduct. The predetermined moment is chosen to
be after the switch has latched on, and so will generally be in
the range of 50 us to 300 ps after the turn-on moment of the
dimmer.

FIG. 13 shows the resulting waveforms corresponding to
the embodiment shown in FIG. 212, in operation with a
forward phase-cut dimmer: at 1310 is shown the input volt-
age; at 1320 is shown the input current drawn by the solid
state lighting—which in this case is the string of LEDs, and at
1330 is shown the gate signal on the bypass switch QBP. The
bypass switch is closed (corresponding to a rising edge to the
gate signal 1330) at a moment, which is at the end of a
predetermined interval or period 1340 after the dimmer starts
to conduct. The bypass switch remains closed or on until the
mains current falls to zero, and the triac stops conducting. The
bypass switch remains open for the leading phase-cut period
shown as interval 1360, and for a subsequent predetermined
interval, 1341.

Of course, it will be appreciated that in common with other
embodiments, some or all of the control functions may be
carried out in the same controller. That is to say, with respect
to this embodiment, some or all of the control functions
carried out by the switched mode controller 530, bypass
controller 1210, dimming controller 440 and waveform
shaper 470 controllers shown separately, may be carried out
in the same controller.

Although the switched mode converter shown in FIG. 12 is
a high side buck boost converter, the bypass switch may also
be applicable to other converter types, such as without limi-
tation the low side buck boost converter shown in FIG. 5.
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From reading the present disclosure, other variations and
modifications will be apparent to the skilled person. Such
variations and modifications may involve equivalent and
other features which are already known in the art of lighting
circuits, and which may be used instead of, or in addition to,
features already described herein.

Although the appended claims are directed to particular
combinations of features, it should be understood that the
scope of the disclosure of the present invention also includes
any novel feature or any novel combination of features dis-
closed herein either explicitly or implicitly or any generali-
sation thereof, whether or not it relates to the same invention
as presently claimed in any claim and whether or not it miti-
gates any or all of the same technical problems as does the
present invention.

Features which are described in the context of separate
embodiments may also be provided in combinationina single
embodiment. Conversely, various features which are, for
brevity, described in the context of a single embodiment, may
also be provided separately or in any suitable sub-combina-
tion.

The applicant hereby gives notice that new claims may be
formulated to such features and/or combinations of such fea-
tures during the prosecution of the present application or of
any further application derived therefrom.

For the sake of completeness it is also stated that the term
“comprising” does not exclude other elements or steps, the
term “a” or “an” does not exclude a plurality, a single proces-
sor or other unit may fulfil the functions of several means
recited in the claims and reference signs in the claims shall not
be construed as limiting the scope of the claims.

The invention claimed is:

1. A lighting circuit for mains LED lighting applications
operable with a phase-cut dimmer, wherein the mains has a
maximum voltage which is at least 200V, the circuit compris-
ing:

a rectifier having a low side output and a high side output;

a switched mode converter comprising a switch and an
inductive element, having a high side input connected to
a bus rail, and having a configuration so as to draw
current from the mains across a complete mains cycle;

a controller for the switched mode converter;

a filter circuit connected between the rectifier high side
output and the bus rail and comprising a capacitor con-
nected between the high side output of the rectifier and
ground; and

a combined damping/latch resistance connected between
the low side output of the rectifier and ground;

wherein the value of the combined damping/latch resis-
tance is such that the RC time constant of the combined
damping/latch resistance and filter circuit is greater than
the time required for any ringing in the circuit to fall to
no more than 20 mA.

2. A lighting circuit according to claim 1, wherein the value
of the combined damping/latch resistance is at least one of
between 150€2 and 1 kQ, and between 150 Q and 560 Q.

3. A lighting circuit according to claim 1, wherein the
switched mode converter is a one of a buck-boost converter
and a fly-back converter.

4. A lighting circuit according to claim 1, wherein the
controller is configured to operate the switched mode con-
verter in boundary conduction mode.

5. A lighting circuit according to claim 1, wherein the RC
time constant of the combined damping/latch resistance and
filter circuit is between 50 ps and 300 ps.

6. A lighting circuit according to claim 1, further compris-
ing a waveform shaping circuit arranged to provide a higher
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input current to the converter when a momentary phase of the
mains input signal exceeds 90°.

7. A lighting circuit according to claim 1, wherein the
controller is configured to operate the switched mode conver-
tor using on-time control.

8. A lighting circuit according to claim 1, wherein the filter
circuit further comprises an inductor between the rectifier
high side output and the bus rail and a further capacitor
connected between the bus rail and ground.

9. A lighting circuit according to claim 1, further compris-
ing a bypass switch, arranged and configured to, in use, pro-
vide a bypass path to bypass the combined damping/latching
resistance at the end of a predetermined interval from a
moment the dimmer starts conducting.

10. A lighting circuit according to claim 1, further com-
prising one or more LEDs.

11. A populated driver circuit board comprising a mains
rectifier, a switched mode converter and a filter circuit, each
as claimed in claim 1, and mounted on a common printed
circuit board, and configured and adapted to operate in a
lighting circuit.

12. A lighting circuit comprising a populated a driver cir-
cuit board as claimed in claim 11, and a populated LED circuit
board comprising at least one LED and the combined damp-
ing/latch resistance.

13. A lighting circuit as claimed in claim 12, wherein
electrical connection between the populated driver circuit
board and the populated LED circuit board is provided by
three conductors.

14. A luminaire comprising a lighting circuit as claimed in
claim 12 in a housing.

15. A lighting circuit for mains LED lighting applications
operable with a phase-cut dimmer, wherein the mains has a
maximum voltage which is at least 200V, the circuit compris-
ing:
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a rectifier having a low side output and a high side output;
a switched mode converter comprising a switch and an
inductive element, having a high side input connected to
a bus rail, and having a configuration so as to draw
current from the mains across a complete mains cycle;

a controller for the switched mode converter;

a filter circuit connected between the rectifier high side
output and the bus rail and comprising a capacitor con-
nected between the high side output of the rectifier and
ground; and

a combined damping/latch resistance connected between
the low side output of the rectifier and ground;

wherein the RC time constant of the combined damping/
latch resistance and filter circuit is between 50 ps and
300 ps.

16. A lighting circuit for mains LED lighting applications
operable with a phase-cut dimmer, wherein the mains has a
maximum voltage which is at least 200V, the circuit compris-
ing:

a rectifier having a low side output and a high side output;

a switched mode converter comprising a switch and an
inductive element, having a high side input connected to
a bus rail, and having a configuration so as to draw
current from the mains across a complete mains cycle;

a controller for the switched mode converter;

a filter circuit connected between the rectifier high side
output and the bus rail and comprising a capacitor con-
nected between the high side output of the rectifier and
ground;

a combined damping/latch resistance connected between
the low side output of the rectifier and ground; and

a waveform shaping circuit arranged to provide a higher
input current to the converter when a momentary phase
of the mains input signal exceeds 90°.
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